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Abstract: 
Ion hydrations are ubiquitous in natural and fundamental processes. A quantitative 
analysis of a novel CO2 sorbent driven by ion hydrations was presented by molecular dynamics 
(MD). We explored the humidity effect on the diffusion and structure of ion hydrations in CO2 
sorbent, as well as the working mechanism of the moisture-swing CO2 sorbent. The discovery of 
the diffusion coefficients of ions at different humidity levels can be applied to design a new CO2 
sorbent with superior performance. The molecular structure analysis shows a higher precipitation 
rate of HCO3
-
 ions than CO3
2-
 ions in a dry surrounding, which leads to a more alkaline 
surrounding on CO2 sorbent that may promote the absorption of CO2.  
2 
 
1 Introduction 
Hydration of neutral and ionic species at interfaces plays an important role in a wide 
range of natural and fundamental processes, including in chemical systems
1,2
 as well as 
biological
3
 and environmental systems
4
. The hydration of ions affect the physical structure and 
the chemical energy transfer through the formation of highly structured water
5-10
. Of particular 
interest in this study is a novel technology for direct air capture of CO2
11
, driven by the free 
energy difference between the hydrated and dehydrated states of an anionic exchange resin 
(IER)
1
. This material doped by carbonate solution can absorb CO2 from ambient air when 
surrounding is dry, while release CO2 when surrounding is wet, as depicted in Equation 1-4 and 
Figure 1. Equation 5 depicts the reactions of anions with the change of the number of water 
molecules (n) on IER. When the surrounding is dry (n is small), the reaction moves to right side 
which produces large amount of OH
-
 ions to absorb CO2, while when the surrounding is wet (n is 
large), the reaction moves to left side preferring CO3
2-
 ions in the system
1
. 
H2O ⇔  H
+ +OH− (1) 
CO3
2− + H+ ⇔ HCO3
− (2) 
OH− + CO2 ⇔ HCO3
− (3) 
HCO3
− + HCO3
− ⇔ CO3
2− + CO2 + H2O (4) 
CO3
2− ∙ 𝑛H2O ⇔ HCO3
− ∙ 𝑚1H2O + OH
− ∙ 𝑚2H2O + (𝑛 − 1 − 𝑚1 − 𝑚2)H2O (5) 
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Figure 1: Reaction pathway of CO2 absorption/desorption on IER. Empty-Fresh state is the 
sorbent in dry condition with a few water molecules in the surrounding. Empty-Dry state is H2O 
splits into H
+
 ion and OH
-
 ion which is ready to absorb CO2, and H
+
 ion is combined with CO3
2-
 
forming HCO3
-
 ion. Full-Dry state is the full-loaded sorbent in the dry condition. The three 
states (Equation 1-3) present the absorption process. Empty-Wet state is regenerate absorbent 
releases CO2 in the wet condition (desorption Equation 4). 
The quaternary ammonium cations are attached on the backbone of IER, while H2O 
molecules and three types of anions CO3
2-
, HCO3
-
, OH
-
 are moveable by different diffusion rates. 
The diffusions of movable ion hydrations and water molecules on IER are essential to determine 
the absorption efficiency of the sorbent. By studying the diffusivities and structures of functional 
substances under different moisture concentrations, helpful insights may be deduced to 
understand the underlying working mechanisms and to design a more efficient sorbent for CO2 
capture from ambient air.  
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MD simulations are especially appropriate for studying complex polymer systems
12-16
 
and water structures
10,17,18
, since it can be applied to expose nano-structure features without a 
priori structural model. Researchers have calculated the diffusion of molecules in polymer 
system
19-23
 and investigated the moisture effect on epoxy resins by MD simulation. Lin
24
 
investigated the diffusion coefficient and the activation energy of epoxy resin under moisture 
environment and showed that the results from MD simulations and experiments have an 
acceptable difference. Wu
25
 studied the influences of absorbed water on structures and properties 
of crosslinked resin including the diffusion coefficient of water, radial distribution function, 
geometry configuration and mobility of polymer network chains. Chang
26
 performed MD to 
study the hygroscopic properties of resin materials regarding diffusivity and swelling strains 
respect to temperature and moisture concentration. Lee
27
 simulated the distribution and diffusion 
of water in epoxy molding compound, considering the effect of water content. 
Although diffusion of moisture in polymer has been studied by experiments and 
computer simulations, the transport properties of anion exchange resin (IER) for moisture-swing 
CO2 capture sorbent in air surrounding have not been involved in research, since IER was 
previously used for water treatment 
28-30
. Since the successful demonstration of applying IER for 
CO2 capture from ambient air 
11
, thermodynamic
31
 and kinetic
32
 investigations were carried out 
to explain the underlying moisture-swing mechanism
1,33,34
. Nevertheless, the diffusive and 
transport characteristics remains unclear at molecular level. In this study, for the first time, MD 
simulation was carried out to investigate the diffusivity and structures of ions and water 
molecules in a CO2 capture sorbent under various humidity conditions.  
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2 MD Simulation 
2.1 Models of Ion Exchange Resin 
The IER in the simulation is composed of a polystyrene backbone with quaternary amine 
ligands attached to the polymer. These quaternary amine groups carry a permanent positive 
charge. They can be depicted as NR4
+
, in which R is an organic carbon chain attached to the 
polymer matrix. The positive ions fixed to the polymer backbone do not release proton. 
A model of oligomer containing eight side chains with eight quaternary ammonium ions 
was established for MD simulation. A oligomer includes two quaternary ammonium ions is 
shown in Figure 2. Four oligomers, each containing eight quaternary ammonium ions, were 
packed in an amorphous cell. The periodic boundary conditions was applied to eliminate surface 
effects. In this study, two IER systems containing different classes of anions were established in 
charge balance. System 1 has four oligomers
35
 attaching sixteen carbonate ions, and the other 
one system 2 has four oligomers attaching sixteen bicarbonate ions and sixteen hydroxide ions. 
System 1 and system 2 represent the reactant and product of Equation 5, respectively, shown in 
Figure 3. 
 
Figure 2: Chemical structure of IER containing two side chains 
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Figure 3 Chemical structures of reactant system 1 and product system 2 
    System 1 (S1) and system 2 (S2) are solvated with different numbers of water 
molecules. In the carbonate ion system (S1) simulations, the CO3
2- 
: H2O ratio is selected to be 
1:5, 1:10 and 1:15 (total water molecule numbers are 80, 160 and 240 in the computational cell) 
respectively, and for the bicarbonate and hydroxide ion system (S2), HCO3
-
 : H2O ratio or OH
-
:H2O ratio is tested at 1:4, 1:9 and 1:14 (total water molecule numbers are 64, 144, and 244 in the 
computational cell) respectively, from low to high humidity conditions. These cases have one-to-
one correspondence, since one water molecule reacts with one carbonate ion to form a 
bicarbonate and a hydroxide ion. The geometry configurations of S1 containing 80 water 
molecules and S2 containing 64 water molecules are shown in Figure 4, which have been 
optimized for MD calculation. 
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(a)  
      (b)  
Figure 4: Geometry configurations of IER with ion species and water molecules. (a) S1 contains 
4 oligomers, 32 quaternary ammonium ions, 16 carbonate ions, and 80 water molecules. (b) S2 
contains 4 oligomers, 32 quaternary ammonium ions, 16 bicarbonate ions, 16 hydroxide ions and 
64 water molecules. 
2.2 Simulation Procedure 
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All molecular dynamics simulations were carried out in Materials Studio,
36
 COMPASS 
Force Field was used for all geometry optimizations and MD simulations. COMPASS uses an ab 
initio force field optimized for condensed-phase applications. This force field was assigned to all 
atoms in the carbonate ion, bicarbonate ion, hydroxide ion, and water molecule. 
The initial six structures of S1 and S2 with three different numbers of water molecules 
each were build in amorphous cells. Minimizations were carried out by the Quasi-Newton 
procedure, where the electrostatic and van der Waals energies were calculated by the Ewald 
summation method (the Ewald accuracy was 0.001kcal/mol, and the repulsive cutoff for van der 
Waals interaction was 6 Angstrom). In order to achieve a relaxed structure, the systems were 
further equilibrated by NVE ensemble simulation with 100 ps, and then an NPT ensemble was 
performed to obtain the relevant density values with different water numbers at standard state 
condition. The system achieved equilibrium by running 200 ps in NVT ensemble. To estimate 
the diffusivity and structure of molecules, NVT ensembles for 0.5 ns were run with different 
densities at 298 K. A time step of 1.0 fs was used in all simulations. NPT ensemble used Nose 
thermostat and Berendsen barostat, and NVT ensemble used Nose thermostat. 
The diffusion coefficients for all ions and molecules were calculated from the Einstein 
relation
37
 as Equation 6 
 
 
where D is the diffusion coefficient,  𝑟𝑖(𝑡) is the coordinate of the center of the mass of the ith 
H2O molecule and N is the number of calculated molecules in the system. The value of mean 
square displacement (MSD) of molecules calculated in MS is the average over a time interval for 
𝐷 =
1
6𝑁
lim
𝑡→∞
𝑑
𝑑𝑡
∑〈|𝑟𝑖(𝑡) − 𝑟0(𝑡)|〉
𝑁
𝑖=1
 (6) 
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all molecules in a set. Therefore, Equation 6 can be simplified to  D = a/6, where a denotes the 
slope of the best-fit line of MSD versus time. 
The interactions of molecules and ions in IER were examined by calculating the radial 
distribution functions (RDFs) of atoms of interest. These functions, also referred to as pair 
correlation functions, provide insights into the structure of studied models. In a cell with volume 
V, for two groups of atoms A and B, they can be determined by Equation 7 
 
 
Where i and j refer to the ith and jth atoms in group A and group B. NAB is the number of atoms 
in both groups A and B, and the angle bracket implies averaging over different configurations. 
For a single group of atoms, accordingly, Equation 7 can be simplified as  
 
 
these functions give the probability of finding an atom at a distance r from another in a 
completely random distribution. They may be employed to investigate the interactions between 
quaternary ammonium cations and ions under different humidity conditions, and therefore, to 
analyze the role of water in IER systems. 
3 Results and Discussion 
3.1 Humidity Dependence of Diffusivity 
Molecules diffusions in IER were studied under three relative humidity conditions (40%, 
50%, 60%). The one-to-one corresponding humidity condintons to the ratios of CO3
2- 
: H2O are 
𝑔𝐴𝐵(𝑟) =
𝑉 × 〈∑ 𝛿(𝑟 − |𝑟𝐴𝑖 − 𝑟𝐵𝑗|)𝑖≠𝑗 〉
(𝑁𝐴𝑁𝐵 − 𝑁𝐴𝐵)4𝜋𝑟2𝑑𝑟
 (7) 
𝑔𝐴𝐵(𝑟) =
𝑉 × 〈∑ 𝛿(𝑟 − |𝑟𝑖𝑗|)𝑖≠𝑗 〉
(𝑁2 − 𝑁)4𝜋𝑟2𝑑𝑟
 (8) 
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1:5, 1:10 and 1:15 (S1), and the ratios of HCO3
-
 : H2O are 1:4, 1:9 and 1:14 (S2), respectively
1
. 
Figure 5 shows the time-averaged MSDs of water molecules in S1 and S2 versus time with 
respect to the different humidity conditions. Figure 6 shows the time-averaged MSDs of CO3
2-
 
ions in S1, and HCO3
-
, OH
-
 ions in S2 versus time with respect to different humidity conditions. 
Here, the slope of the plots are proportional to the diffusion coefficient in the system, therefore, 
the diffusion coefficients (D) were calculated. The diffusion coefficients of water molecules and 
ion species are shown in Figure 7.  
 
Figure 5: MSDs of water molecules in S1 and S2 versus time with respect to different humidity 
conditions. 
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Figure 6: MSDs of ion CO3
2-
 in S1, and ions HCO3
-
, OH
-
 in S2 versus time with respect to 
different humidity conditions. 
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Figure 7: Diffusion coefficients of water molecules and ion species at various humidity 
conditions. 
In general, the diffusion coefficients of water molecules and all ion species increase as 
the humidity increases. The higher humidity level means a higher level of hydration, which 
involves more water molecules which are uncoordinated to NR4
+
 groups, and these waters can 
break NR4
+
-CO3
2-
, NR4
+
-HCO3
-
, and NR4
+
-OH
-
 pairs. Higher water content also leads to a better 
connected water-channel network, which can also stimulate water transport.  
From a comparison of different ion species and water molecules under the same humidity 
condition, it is clear that the motilities of ion species are much lower than those of water 
molecules. This is reasonable, considering the strong electrostatic attraction between negative 
charged ions and NR4
+
 end-groups. Note that although NR4
+
 groups can exhibit local mobility, 
they are attached to the polystyrene backbone and therefore do not diffuse through the system. 
By comparison, water is much more unrestricted to move around in the simulation box, although 
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water molecules can create relative weak H-bonds to NR4
+
 groups. Based on observation of local 
dynamics in the simulations, the water molecules and ion species which are farther away from 
backbones with NR4
+
 groups are much more mobile than those situated closer to the walls of the 
backbones. The quaternary ammonium cations NR4
+
 tend to immobilize and stabilize water 
molecules and ion species and thus reduce local mobility.  
From the comparison of the diffusion coefficient of ion species in two systems, the 
results show the mobility of carbonate ions is lower than those of bicarbonate ions and also 
hydroxide ions, for all humidity levels considered herein. The reason is that the carbonate ion has 
higher valence which leads to a larger columbic force with NR4
+
 groups. The diffusion 
coefficient of bicarbonate ions is slightly higher than that of hydroxide ions under the 40% and 
50% relative humidity conditions, shown in Figure 7. The reason is that the bicarbonate ions 
have a larger van der Waals force with backbone systems than hydroxide ions, which tends to 
immobilize bicarbonate ions more than hydroxide ions. However, when the relative humidity 
level raises to 60%, the mobility of hydroxide ion is higher than that of bicarbonate ions. Since 
the size of hydroxide ion is smaller than bicarbonate ion, the well-formed hydration shell may be 
created first when the water amount is up to a certain level, and then these floating ion hydrations 
could increase the mobility of hydroxide ions significantly.  
3.2 Structure of Molecular System 
The intermolecular RDFs for two pairs of atoms under different humidity conditions 
(CO3
2-
:H2O = 1:70, CO3
2-
:H2O = 1:50, CO3
2-
:H2O = 1:30, CO3
2-
:H2O = 1:10) are shown in 
Figure 8. One is nitrogen atoms in NR4
+ 
and carbon atoms in CO3
2-
 (N-C), the other one is 
nitrogen atoms in NR4
+ 
and carbon atoms in HCO3
-
 (N-C). The difference of this model from the 
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one of diffusion analysis, is all anions (CO3
2-
, HCO3
-
,OH
-
 ) are built in a single system with 
different water molecules. The ratio of CO3
2-
:HCO3
-
:OH
-
  are 1:1:1 under the condition of 
neutral balance. There are indications from the molecular modeling, that the change of the 
number of water molecules can influence the precipitation rates of ionic species on the solid 
surfaces of the IER. 
In a wet surrounding (CO3
2-
:H2O = 1:70), the hydration clouds of all ions are so large 
such that the anions can hardly approach the cations RH4
+
, shown in Figure 8(a) and Figure 
8(b). The probabilities of the appearance of CO3
2-
 and HCO3
-
 ions near the NR4
+ 
 groups are a 
little higher than that averaged in the whole system, because the atomic forces between NR4
+ 
 
groups and anions are larger than the ones between water molecules. The probability of 
appearance of HCO3
-
 ions in the vicinity of RH4
+
 cations are higher than CO3
2-
 ions. 
With less water molecules (CO3
2-
:H2O = 1:30), the optimal approach distances of CO3
2-
-
NR4
+
 and HCO3
-
-NR4
+
 both become smaller. This, in turn, gives an energetic advantage to the 
mono-valent HCO3
-
 ion over the divalent CO3
2-
 ion that does not match the NR4
+
 single cationic 
charge. The presence of competition for one CO3
2-
 ion is between the two monovalent NR4
+
 
cations. Therefore, the NR4
+
 quaternary ammonium cations do not comfortably accommodate 
carbonate ions into the structure. The part of unfitted CO3
2-
 ions containing hydration water are 
more likely to be located at 4.3 Å and 7.0 Å. On the other hand bicarbonate ions can easily fit to 
NR4
+
 cations and the favorable distance between them is at 4.5 Å, shown as Figure 8(c). As a 
result, as the humidity level decreases, the HCO3
-
 ions are more likely to precipitate than CO3
2-
 
ions, and favors a more alkaline surrounding. The larger amount of OH
-
 ions in dry condition is 
more conducive to capture CO2. This discovery may provide an explanation for the underlying 
mechanism of IER absorbs CO2 in dry and release CO2 in wet.  
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At even lower humidity (CO3
2-
:H2O = 1:10), both carbonate ions and bicarbonate ions 
precipitate completely. One obvious peak shows at distance of 4.5 Å, shown as Figure 8(d). The 
sharp peak at distance around 4.5 Å is an indication of the strong columbic force and van der 
Walls force of NR4
+
 cations associated with CO3
2-
 anions in S1 or HCO3
-
 anions in S2. The 
attracted CO3
2-
 anions and HCO3
-
 anions are more likely to be located in the vicinity of the NR4
+ 
 
groups on the IER network in the dry condition. Under this condition, the mechanism of CO2 
capture by IER was explained elsewhere
1
. The intermolecular RDFs for two pairs of atoms under 
more humidity conditions (CO3
2-
:H2O = 1:5 to CO3
2-
:H2O = 1:70) are provided in supplementary 
materials. 
               
                                       (a)                                                                         (b)      
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                                     (c)                                                                        (d) 
Figure 8: Intermolecular radial distribution functions between 1) Navy color: N atoms in NR4
+
 
and C atoms in CO3
2-
.  2) Wine color: N atoms in NR4
+
 and C atoms in HCO3
-
. These two RDFs 
are calculated under three humidity conditions: a) CO3
2-
:H2O = 1:70, b) CO3
2-
:H2O = 1:50, c) 
CO3
2-
:H2O = 1:30, and d) CO3
2-
:H2O = 1:10 
4 Summary 
The work reports the results of MD simulations of moisture-swing CO2 sorbent with 
carbonate ion system and bicarbonate ion system under different humidity conditions. The 
transport characteristics and structures of ions species are explored with different numbers of 
water molecules. The diffusion coefficients of water molecules and anions provide helpful 
insights, from a molecular level perspective, for designing a CO2 sorbent with better dynamic 
performance. The CO2 capture efficiency can be enhanced according to increase the ion diffusion 
rates, which could be realized by using different support materials with different characteristics 
like hydrophobicity and cation species. The molecular structure analysis states the different 
precipitation rates of carbonate ions and bicarbonate ions. In a drier surrounding, bicarbonate ion 
that precipitates out first leaves behind a more alkaline solution, which may promote the 
absorption of CO2. This finding may provide an elucidation for the working mechanism of 
moisture-swing CO2 sorbent.  
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